Leptin administration restores euglycemia in rodents with severe insulin-deficient diabetes, and recent studies to explain this phenomenon have focused on the ability of leptin to normalize excessive hypothalamic-pituitary-adrenal (HPA) axis activity. Here, we employed a streptozotocin-induced rat model (STZ-DM) of uncontrolled insulin-deficient diabetes mellitus (uDM) to investigate the contribution of HPA axis suppression to leptin-mediated glucose lowering. Specifically, we asked if HPA axis activation is required for diabetic hyperglycemia, whether HPA axis normalization can be achieved using a dose of leptin below that needed to normalize glycemia, and if the ability of leptin to lower plasma glucocorticoid levels is required for its antidiabetic action. In STZ-DM rats, neither adrenalectomy-induced (ADX-induced) glucocorticoid deficiency nor pharmacological glucocorticoid receptor blockade lowered elevated blood glucose levels. Although elevated plasma levels of corticosterone were normalized by i.v. leptin infusion at a dose that raises low plasma levels into the physiological range, diabetic hyperglycemia was not altered. Lastly, the potent glucose-lowering effect of continuous intracerebroventricular leptin infusion was not impacted by systemic administration of corticosterone at a dose that maintained elevated plasma levels characteristic of STZ-DM. We conclude that, although restoring low plasma leptin levels into the physiological range effectively normalizes increased HPA axis activity in rats with uDM, this effect is neither necessary nor sufficient to explain leptin's antidiabetic action.
Introduction
Leptin's unexpected ability to normalize hyperglycemia in rodent models of uncontrolled diabetes mellitus (uDM) has generated strong research interest. Previous work (1, 2) showed that, when administered systemically at doses that achieve supraphysiological plasma levels, leptin fully normalizes diabetic hyperglycemia in rodents despite persistent, severe insulin deficiency. Subsequent studies (3) (4) (5) (6) (7) demonstrated that intracerebroventricular (icv) or intrahypothalamic administration of leptin (at doses 10-to 100-fold below those needed when given systemically) also restores euglycemia to rats and mice with uDM induced by the β cell toxin streptozotocin (STZ-DM). Based on these observations, the brain was identified as a likely mediator of leptin's antidiabetic actions, and an insulin-independent glucose-lowering mechanism was implied since the effect occurs despite persistent, severe insulin deficiency (3, 4) .
Plasma levels of both leptin and insulin decline rapidly and severely following STZ administration in rodents (8) , raising the possibility that diabetic hyperglycemia is a consequence of leptin deficiency as well as insulin deficiency. If so, simply normalizing plasma leptin levels should substantially improve glycemia in STZ-DM. In an early test of this hypothesis, leptin was administered s.c. to rats with STZ-DM at a dose that achieves physiological leptin replacement (9, 10) , allowing those manifestations of uDM that are attributable to leptin deficiency to be distinguished from those that are not. This work demonstrated that, although several key behavioral and neuroendocrine responses to uDM were ameliorated by physiological leptin replacement (including hyperphagia, hyperglucagonemia, suppression of the hypothalamic-pituitary-thyroid [HPT] axis, and activation of the hypothalamic-pituitary-adrenal [HPA] axis), the degree of hyperglycemia was not significantly affected (9) (10) (11) . Although leptin deficiency is required for several behavioral and neuroendocrine manifestations of uncontrolled STZ-DM, it does not explain the associated hyperglycemia. It is relevant to the current work that, since physiological leptin replacement normalized elevated plasma corticosterone levels in this experiment without reversing diabetic hyperglycemia, the effect of leptin to normalize the HPA axis seems unlikely to fully explain its antidiabetic action (9). This conclusion is consistent with earlier work, demonstrating that neither glucocorticoid deficiency induced by adrenalectomy (ADX) (12, 13) , nor liver-specific glucocorticoid-receptor deletion (14) , prevents hyperglycemia in the STZ-DM model.
Recent work by Shulman and colleagues suggests that, in contrast with these earlier findings, physiological leptin replacement does in fact normalize glycemia in rats at the onset of STZ-DM and that this effect can be fully explained by HPA axis suppression (15) . This conclusion was based on evidence that, in uDM, HPA axis activation drives lipolysis, generating substrate needed for increased hepatic glucose production (HGP) that, in turn, drives hyperglycemia. Since diabetes-associated activation of the HPA axis is a consequence of leptin deficiency, it follows that physiological leptin replacement is sufficient to prevent both the increase of HGP and the associated hyperglycemia. Buttressing this conclusion was evidence that the glucocorticoid receptor antagonist mifepristone mimics the effect of leptin to normalize hyperglyceLeptin administration restores euglycemia in rodents with severe insulin-deficient diabetes, and recent studies to explain this phenomenon have focused on the ability of leptin to normalize excessive hypothalamic-pituitary-adrenal (HPA) axis activity. Here, we employed a streptozotocin-induced rat model (STZ-DM) of uncontrolled insulin-deficient diabetes mellitus (uDM) to investigate the contribution of HPA axis suppression to leptin-mediated glucose lowering. Specifically, we asked if HPA axis activation is required for diabetic hyperglycemia, whether HPA axis normalization can be achieved using a dose of leptin below that needed to normalize glycemia, and if the ability of leptin to lower plasma glucocorticoid levels is required for its antidiabetic action. In STZ-DM rats, neither adrenalectomy-induced (ADX-induced) glucocorticoid deficiency nor pharmacological glucocorticoid receptor blockade lowered elevated blood glucose levels. Although elevated plasma levels of corticosterone were normalized by i.v. leptin infusion at a dose that raises low plasma levels into the physiological range, diabetic hyperglycemia was not altered. Lastly, the potent glucose-lowering effect of continuous intracerebroventricular leptin infusion was not impacted by systemic administration of corticosterone at a dose that maintained elevated plasma levels characteristic of STZ-DM. We conclude that, although restoring low plasma leptin levels into the physiological range effectively normalizes increased HPA axis activity in rats with uDM, this effect is neither necessary nor sufficient to explain leptin's antidiabetic action.
administration of the glucocorticoid receptor antagonist mifepristone to rats within the first 24 hours of STZ-DM (15) . We found that, as expected, plasma insulin and leptin levels were reduced ( Figure 2A ) and plasma ACTH levels were increased following mifepristone administration, signifying effective glucocorticoid-receptor blockade ( Figure 2B ). Yet the degree of hyperglycemia induced by STZ was unaffected by mifepristone treatment in a single-dose, acute paradigm and following repeated daily dosing ( Figure 2 , C and D), consistent with previous studies (16) . These results collectively indicate that normalization of elevated glucocorticoid receptor signaling is unlikely to explain leptin's antidiabetic action in rats with STZ-DM.
To test whether physiological leptin replacement is sufficient to normalize hyperglycemia as well as HPA axis activity, we again employed a recently reported protocol for i.v. leptin administration at a dose that normalizes plasma leptin levels in rats with STZ-DM (15) . As expected, we found that STZ-DM both lowers plasma insulin and leptin levels ( Figure 2 , E and F) and raises plasma corticosterone levels ( Figure 2G ), yet normalization of plasma corticosterone levels with leptin replacement failed to ameliorate diabetic hyperglycemia ( Figure 2H ), consistent with earlier reports (9, 10) . In rats with uDM, therefore, physiological leptin replacement is sufficient to normalize elevated HPA axis activity, but not hyperglycemia, as discussed in a recent review (17) .
To determine whether maintenance of elevated plasma corticosterone levels blocks the effect of icv leptin administration to normalize glycemia, we employed a study design in which plasma levels of corticosterone were clamped at either a normal level or at the higher level typical of rats with STZ-DM ( Figure 3 ) (18) . All animals underwent ADX and, subsequently, each received (i) a pellet containing a dose of corticosterone designed to maintain plasma corticosterone levels within the physiological range, (ii) STZ to induce uDM, (iii) icv leptin at a dose (3 μg/d) known to normalize glycemia, and (iv) either an additional corticosterone pelmia in rats with STZ-DM, while leptin's glucose-lowering effect was blocked by systemic administration of corticosterone (the principal glucocorticoid in rodents) at a dose that achieves the elevated plasma levels characteristic of untreated STZ-DM (15) . Together, these findings imply that, in uDM, hyperglycemia is dependent on HPA axis activation that results from leptin deficiency, a conclusion at odds with earlier work.
To further assess the relationship between HPA axis activity and leptin-mediated glucose lowering in rats with STZ-DM, we asked whether (i) HPA axis activation is required for diabetic hyperglycemia, (ii) normalization of the HPA axis can be achieved using a dose of leptin below that needed to normalize glycemia, and (iii) the ability of leptin to lower plasma glucocorticoid levels is required for its glucose-lowering action.
Results and Discussion
If the effect of leptin to normalize diabetic hyperglycemia is mediated by HPA axis suppression, corticosterone deficiency induced by other means should have a similar salutary effect. As a first test of this hypothesis, we investigated whether corticosterone deficiency induced by ADX ameliorates hyperglycemia in rats with STZ-DM. We found that, although ADX was associated with the expected decrease of plasma corticosterone and increase of plasma adrenocorticotropic hormone (ACTH) levels, the magnitude of hyperglycemia was not affected relative to sham-operated controls (Figure 1) , consistent with previous studies (12, 13) .
One limitation of ADX as a model of glucocorticoid deficiency is that the adrenal gland produces several hormones in addition to corticosterone. It is therefore conceivable that corticosterone deficiency induced by ADX did in fact exert a glucose-lowering effect in rats with STZ-DM, but the effect was offset by other, unrelated consequences of ADX. To address this possibility, we investigated whether glucocorticoid-receptor blockade reverses diabetic hyperglycemia using a recently published protocol for lower plasma glucocorticoid levels is not required for its glucoselowering action. Thus, the effect of leptin to normalize elevated HPA axis activity in rats with STZ-DM is neither necessary nor sufficient to explain how it normalizes glycemia. While these findings are consistent with and extend several previous studies (1, 9, 10, 12, 13), they are inconsistent with recent evidence from Shulman and colleagues (15) showing that diabetic hyperglycemia is normalized by physiological leptin replacement and that suppression of the HPA axis mediates this effect. Although we endeavored to replicate protocols employed by the Shulman group (15) in several instances, the outcomes do not agree, and a compelling explanation for this discrepancy is not immediately apparent. A relevant difference in experimental approach is that our studies were conducted in adult male Wistar rats, whereas the let to raise corticosterone levels into the range observed in intact rats with STZ-DM or no pellet (sham-operation) to keep levels in the normal physiological range ( Figure 3B ). As expected, plasma corticosterone levels were higher (diabetes range) and ACTH levels were lower in the group receiving the additional corticosterone pellet (Figure 3, C and D) . Nevertheless, diabetic hyperglycemia was fully normalized by icv leptin infusion, irrespective of whether high or normal plasma corticosterone levels were maintained (Figure 3D) . Normalization of plasma corticosterone levels, therefore, is not required for leptin's antidiabetic action.
Our results collectively indicate that (i) HPA axis activation is not required for diabetic hyperglycemia, (ii) normalization of the HPA axis can be achieved using a dose of leptin below that needed to normalize glycemia, and (iii) the ability of leptin to Overnight-fasted plasma insulin (A) and ACTH levels (B) obtained at 12:00 and fasted blood glucose levels (C) over a 3-hour period in either nondiabetic (Veh-veh) or STZ-diabetic rats (within the first 24 hours following STZ) after i.p. administration of either vehicle (STZ-veh) or the glucocorticoid receptor antagonist, mifepristone (STZ-mifepristone; 40 mg/kg) (n = 6-10/group). (D) Daily-fed blood glucose levels (12:00) 3 hours following daily i.p. administration of either vehicle or mifepristone (40 mg/kg) (n = 6-10/group). (E-H) Overnight-fasted arterial plasma insulin (E) and leptin levels (F), as well as 21-hour fasted plasma corticosterone and ACTH levels (G) obtained at 15:00 and fasted blood glucose levels (H) over a 6-hour period from nondiabetic (Veh-veh) and STZ-diabetic rats (within the first 24 hours following STZ) during which either vehicle (STZ-veh) or leptin (STZ-lep; 150 μg/kg total) was infused i.v. at a dose designed to raise low plasma leptin levels into the high-normal range (n = 6-8/group). Data represent mean ± SEM. Data were analyzed by 1-way ANOVA with a least significant difference post hoc test. *P < 0.05 vs. Veh-veh; # P < 0.05 vs. STZ-veh.
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and the HPA axis in the setting of diabetes induced by severe, acute insulin deficiency. We infer from both our current results and from previously published work that, to reverse diabetic hyperglycemia, leptin must simultaneously normalize many distinct behavioral and neuroendocrine responses, and that reversing just one of these (e.g., HPA axis activation) is insufficient. A parallel can be seen in the diverse and redundant nature of the counter-regulatory response to hypoglycemia -because many mechanisms contribute, ablation of any individual component is insufficient to disrupt effective counter-regulation (20) . Our data also suggest that, for leptin action to fully restore euglycemia in rats or mice with established diabetes, supraphysiological leptin levels are required (see ref. 17 for a more detailed discussion) and that the underlying mechanism requires leptin exposure for several days (1) (2) (3) (4) (5) 7) .
Our findings have implications beyond leptin-mediated normalization of diabetic hyperglycemia. For example, if HPA axis activation is not needed for hyperglycemia in rats with STZ-DM, as our data suggest, suppression of the HPA axis would seem unlikely to explain the antidiabetic effect of other therapeutic interventions. Among these are peptides in the fibroblast growth factor (FGF) family, 2 of which were recently reported to reverse hyperglycemia in rats with STZ-DM via HPA axis suppression (21) . The hypothesis that HPA axis suppression is sufficient to ameliorate diabetic hyperglycemia is also inconsistent with decades of clinical experience that have yet to link HPA axis activation to the pathogenesis of hyperglycemia in human diabetes. Additional experiments are therefore required for a more comprehensive understanding of leptin's antidiabetic effect -information that is crucial to ongoing investigation of the brain as a target for diabetes pathogenesis and treatment (17) .
Methods
Detailed information can be found in Supplemental Methods (supplemental material available online with this article; doi:10.1172/ JCI82723DS1).
Statistics. Results are expressed as mean ± SEM. Statistical analyses were performed using Statistica (version 7.1; StatSoft Inc., Dell Shulman group (15) employed Sprague-Dawley rats, and background strain differences could have been a factor. Another possibility is that the protocol employed by Shulman and colleagues may be associated with a relatively higher degree of stress and hence greater dependence on HPA axis activation to maintain HGP. This stress can potentially be traced to the higher dose of STZ they employed (70 mg/kg/i.v.), in combination with the performance of detailed in vivo metabolic analysis within 24 hours of STZ administration and a prolonged fast. Future investigation is warranted to address this possibility and whether differences in laboratory environment, rat strain, rates of lipolysis, and/or mediators of cellular stress induced by STZ administration or other experimental variables might explain the divergent outcomes. Nevertheless, it is important to determine whether the observations by Shulman and colleagues (15) can be translated across strains and species of animals, including nonhuman primates and ultimately humans, in models with established type 1 diabetes.
Our findings also point to the need for additional studies to delineate the mechanism(s) underlying leptin's antidiabetic action. Clearly, leptin inhibits a number of responses that drive hyperglycemia in the setting of uDM -including HPA axis activation, hyperglucagonemia, and hyperphagia -but none of these individual effects appears to fully explain leptin's antidiabetic action. In addition to our current analysis of the role of the HPA axis, we recently reported that, although increased glucagon signaling is required for ketosis in rats with STZ-DM, it is not required for hyperglycemia (19) . Moreover, physiological leptin replacement normalizes elevated plasma levels of glucagon, but not glucose, in rats with STZ-DM (9) . The effect of leptin to normalize elevated glucagon levels in this setting, therefore, does not appear to explain its ability to restore euglycemia, in agreement with data from the Shulman group (15) . Similarly, numerous pair-feeding studies indicate hyperphagia is neither necessary nor sufficient for hyperglycemia in this setting (1-4, 7, 9, 10) . We note that although the STZ-DM rat model does not recapitulate the pathogenesis of either type 1 or type 2 diabetes in humans, it is nevertheless useful for exploring interactions between leptin Three-hour fasted plasma insulin and leptin (A), corticosterone (B) and ACTH levels (C) obtained mid-light cycle (13:00), and (D) daily-fed blood glucose levels in surgical ADX (ADX-STZ) diabetic rats that received both continuous icv infusion of leptin (beginning on day 4; ADX-STZ-lep), and either a low dose (physiological replacement; 35 mg pellet; Cort-low) or a high dose of corticosterone s.c. (to raise plasma corticosterone levels into the range of rats with STZ-DM; 2 × 35 mg pellet; Cort-high) (n = 8-11/group). Data represent mean ± SEM. Data were analyzed by a 2-tailed, unpaired Student's t test. *P < 0.05 vs. Cort-low.
